Squalene (VIII) is a naturally abundant linear triterpene (C30) and an important biosynthetic precursor of steroids and triterpenes in many living organisms. We have been interested in the degradation of squalene by microorganisms and in the use of the degradation products for synthesis of useful compounds. Previously we reported the isolation of Arthrobacter sp. that grows in a medium containing squalene as a sole carbon source and accumulation of degradation products such as trans-geranylacetone (9) and carboxylic acids that have skeletons of C5 and C10 terpene units.
In the present study, we have examined the reactivity of the cells of Arthrobacter sp. toward linear terpenes and squalene variants. We found that the microorganism oxidizes some a,,1unsaturated terpene alcohols to the corresponding aldehydes. The microorganism also isomerizes the a,,fdouble bond of these alcohols, and cleaves squalene-2,3-oxide and squalene-2,3-22,23-dioxide to C3 units in the same manner as it cleaves the squalene molecule.
MATERIALS AND METHODS
A strain of Arthrobacter sp. Y-11 isolated from soil was used throughout this study. A detailed description of the bacterium will be presented elsewhere.
The compounds used as substrates and their products are shown in Table 1 .
Preparation of cells ofArthrobacter sp. Y-11. For seed culture, 50 ml of medium containing 0.6% (vol/ vol) squalene, 2.0% corn-steep liquor, and tap water (pH was adjusted to 7.0 with NaOH solution) in a 500-ml Sakaguchi flask was used. Seed culture (4 ml) was inoculated into 400 ml of medium containing 0.3% (vol/vol) salad oil, 0.03% (vol/vol) squalene, 2 .0% corn-steep liquor, and tap water (pH was adjusted to 7.0 with NaOH solution) in 2-liter Sakaguchi flasks. Flasks were incubated at 30'C on a reciprocating shaker for 24 h. Cells were collected by centrifugation at 16,000 x g for 10 min and washed three times with sodium phosphate buffer (pH 7.0,
M).
Reaction conditions and isolation of products. Cells were suspended in 50 ml of the above phosphate buffer to give an optical density at 600 nm of 10. The cell suspension and substrate (0.6%, vol/vol) were mixed in a 500-ml Sakaguchi flasks and incubated on a reciprocating shaker for 18 h at 30'C. The reaction mixture was extracted with dichloromethane and dried over anhydrous sodium sulfate. After evaporation of the solvent, the residue was analyzed by thin-layer chromatography.
Purification and identification of products. The reaction products were purified by column chromatography on silica gel or aluminum oxide and identified by mass, infrared, and nuclear magnetic resonance (NMR) spectrometry, gas chromatography, and elemental analysis.
Analytical methods. Gas chromatography was performed on a Hitachi gas chromatography 063 instrument equipped with a thermal conductivity detector. Separations were performed on a stainlesssteel column (100 by 0.3 cm) containing SE-30 (Chromosorb WAW, 10%). Helium served as carrier gas at a flow rate of 21 ml/min. Temperature of column, injection port, and detector are specified below. Infrared spectra were 5 .14 (4H, olefinic protons).
Synthesis of trans-9,10-epoxygeranylacetone. Pure trans-geranylacetone (1.94 g, 0.01 mol), which was prepared from squalene by biotransformation with Arthrobacter sp. (9), was dissolved in 100 ml of CH2C2 and 30 ml of NaHCO3 solution (0.5 M). To the solution, 2.85 g of m-chloroperbenzoic acid was added in portions with stirring at room temperature. The reaction mixture was stirred for 6 h at room temperature, and the organic layer was separated. The solution was washed with 30 ml of 1 N NaOH solution and dried over anhydrous sodium sulfate. After evaporation of the solvent, 2.14 g of oil was obtained. This was purified by column chromatography on 70 g of aluminum oxide with n-hexaneethyl acetate (97:3) as eluent. The yield of 9,10-epoxygeranylacetone was 1.10 g (52.4%), and 0.35 g of geranylacetone (18.0%) was recovered.
Analysis found: C, 74.07; H, 10.89. Calculated for C13H2202: C, 74.24; H, 10.54%.
Mass, infrared, and NMR spectra of synthetic 9,10-epoxygeranylacetone coincided completely with those of the product of biotransformation.
RESULTS
Biotransformation of geraniol (I) by Arthrobacter sp. Geraniol (I) (4.56 g) was incubated with cells of Arthrobacter sp. for 18 h. Extraction of the reaction mixture with dichloromethane, drying over anhydrous sodium sulfate, and evaporation of the solvent gave 5.5 g of oily product. This oil was fractionated into two main groups by column chromatography on APPL. ENVIRON. MICROBIOL.
on October 27, 2017 by guest http://aem.asm.org/ Downloaded from 170 g of silica gel with n-hexane-ether as eluent. The yield of the first fraction, which was eluted with n-hexane-ether (97:3), was 960 mg (21.1%), and that of the second fraction, eluted with n-hexane-ether (80:20), was 2,810 mg. Infrared and NMR spectra of these two main fractions revealed that the first fraction was a mixture of geranial (III) and neral (IV) and the second was a mixture of geraniol (I) and nerol (II). The identity of these four compounds was confirmed by comparison of the gas chromatograms of the two fractions with those of authentic samples. The contents of four components were estimated from the peak areas of gas chromatograms (column temperature, 1300C; injection port, 285°C; detector, 28000). Resulting yields of alcohols and aldehydes were as follows: geraniol, 61.4%; nerol, 0.2%; geranial, 16.4%; neral, 4.7%.
Biotransformation of nerol (II) by Arthrobacter sp. Nerol (1.77 g) was treated with cells of Arthrobacter sp., and 1.9 g of oil was obtained by the above procedure. This oil was separated into two fractions by silica gel column chromatography. The yield of the first fraction, which had an aldehyde group, was 190 mg (10.7%), and that of the second fraction, which had a hydroxyl group, was 1,220 mg (69.0%). These two fractions were analyzed by mass, infrared, and NMR spectrometry and gas chromatography, and their components were identified as geranial (III), neral (IV), geraniol (I), and nerol (II). The yields of four compounds were as follows: geraniol, 4 60 g ) with the cells of Arthrobacter sp., dichloromethane extraction, and evaporation of the solvent gave 3.55 g of oil. The mixture of crude products was fractionated by column chromatography on aluminum oxide (105 g), using a solvent system of n-hexane and ethyl acetate. The first fraction eluted with n-hexane-ethyl acetate (98:2) was 1.09 g (31.0%) of unchanged squalene-2,3-oxide. This recovered squalene oxide had optical activity, La1]D23 + 0.38°(C, 12.1 in n-hexane). The second fraction was 650 mg (31.0%) of trans-geranylacetone (VI), which was identified by comparison with an authentic sample. The third fraction was thought to be trans-9,10-epoxygeranylacetone (0.80 g, 35.3%), here denoted EG1. EG1 was further purified by treatment with decolorizing carbon in methanol. The following spectral and analytical data led to the identification of EG1. [Ia]D23 -0.83°(C, 3.1 in MeOH).
Oxidative cleavage of squalene-2,3-22,23-dioxide (VII). Squalenedioxide (3. column of aluminum oxide (60 g), using n-hexane-ethyl acetate as eluent. The first fraction was unchanged squalene dioxide (0.55 g, 37.2%), and the second fraction was 0.69 g (22.2%) of 9,10-epoxygeranylacetone (EG2). EG2 was further purified by treatment with decolorizing carbon in methanol. Infrared, NMR, and mass spectra of EG2 were identical with those of EG1 and synthetic 9,10-epoxygeranylacetone. Elemental analysis and optical rotation of EG2 were as follows:
Analysis found: C, 74.09; H, 10.65. Calculated for C13H2202: C, 74.24; H, 10.54%.
[a]D23 -2.09°(C, 2.2 in MeOH).
Recovered squalene dioxide showed [aID23 + 0.46°(C, 3.7 in n-hexane). Reactions are shown in Fig. 2 .
Transformation of 9,10-epoxygeranylacetone to 9,10-dihydroxygeranylacetone. To check the optical purity of EG1 and EG2, these compounds were converted to 9,10-dihydroxygeranylacetone. 9,10-Epoxygeranylacetone (105 mg) was dissolved in 1.5 ml of tetrahydrofuran with 1.5 ml of perchloric acid solution (0.1 M). The reaction mixture was kept at room temperature for 30 min. Water (5 ml) was added, and the mixture was extracted with dichloromethane. The extract was dried over anhydrous sodium sulfate. Evaporation of the solvent gave 114 mg of oil. The crude product was purified by column chromatography on silica gel, using the solvent system of dichloromethane and methanol (0.2 to 0.5%). The product was further purifled by treatment 2,950, 2,910, 1,710 (C-O), 1,360, 1,160,  1,070 .
NMR spectrum in CDCl3 6 ppm: 1.14, 1 .18 (6H, singlet, (CH3)2COH-), 1.4 to 1.6 (2H, multiplet, -CH(OH)-CH2), 1 .62 (3H, singlet, vinyl methyl protons), 2.13 (3H, singlet, -COCH3), 3 .30 (1H, double doublet, -CHOH-), 5.12 (1H, triplet, olefinic proton).
Optical rotation: 9,10-Dihydroxygeranylacetone (DH1) prepared from EG1 [a]D23 -3-44' (C, 2.7 in MeOH). 9,10-Dihydroxygeranylacetone (DH2) prepared from EG2 [a]D23 -7.700 (C, 2.9 in MeOH).
Since Suzuki and Marumo (5) have found that optically pure (S)-9,10-dihydroxygeranylacetone shows [a]D -19.30 (C, in MeOH), the optical purity of EG1 and EG2 would be derived from the optical rotation of DH1 and DH2. The optical purity of EG1 was found to be 17.8% and that of EG2 40%. In the oxidative cleavage reaction of squalene variants or squalene analogues by Arthrobacter sp., the substrate specificity is critical. The structures of the substrates are shown in Fig. 3 . Arrows show the main cleavage points of the molecules. Squalane (XVIII), a completely reduced form of squalene, and cholesterol and lanosterol, cyclized triterpenes, were not cleaved. Digeranyl (C20) (XVII) and geranylfarnesyl (C25) (XVIII), whose chain lengths are shorter than that of squalene, were also unchanged. Squalene-1,2-bromohydrin (XIV) and squalene -1, 2 -22, 23 -dibromohydrin (XVI), which have a bulky bromine atom at the terminal position of molecule, also resisted cleavage. These facts suggest that chain length and structure of the terminal part of substrate remarkedly affect the enzyme system that attacks the central part of substrate molecule.
Introduction of an epoxy ring at the terminal position of the squalene molecule did not prevent the oxidative cleavage of the enzyme system. Thus trans-9,10-epoxygeranylacetone was obtained from squalene-2,3-epoxide (V) in 35.3% yield (EG1) or from squalene-2,3-22,23-dioxide (VII) in 22.2% yield (EG2). EG1 and EG2 showed optical rotation, [a]D -0.830 and -2.09°, respectively, and their optical purities were 17.8 and 40%, respectively, based on values of optical rotation of 9,10-dihydroxygeranylacetone, DH1, and DH2 (5), derived from EG1 and EG2. The optical purity of EG2 of approximately twice that of EG1 and the resistance of geranylfarnesyl to cleavage suggest that both terminals of the substrate molecule play an important role in the biotransformation reaction.
The finding that (S)-chirality at C-9 in EG1 and EG2 is predominant is interesting from the viewpoint of biosynthetic pathway of steroids in which (S)-squalene-1,2-oxide (IX) is involved in eucaryotic cells (2) . The enzyme system of Arthrobacter sp. responsible for the oxidative cleavage of epoxysqualenes recognizes, to some extent, the chirality at terminal parts of substrates and prefers (S)-chirality (IX, XI) to (R)-chirality (X, XII) and /or meso form (XIII). This fact indicates the possibility of applying microbial oxidation in this type to prepare optically active starting materials for the synthesis of physiologically active compounds such as derivatives of juvenile hormones of insects.
